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During organogenesis, the middle to caudal portion of Mu¨llerian epithelium differentiates into uterine and vaginal epithelia
in females. Functional differentiation of uterine and vaginal epithelia occurs in adulthood, and is regulated by 17b-estradiol
(E2) and progesterone. In this report, the roles of mesenchyme/stroma in differentiation of uterine and vaginal epithelia were
tudied in tissue recombination experiments. At birth, Mu¨llerian epithelium was negative for uterine and vaginal epithelial
arkers. Tissue recombinant experiments showed that uterine and vaginal gene expression patterns were induced in
eonatal Mu¨llerian epithelium by the respective mesenchymes. Differentiated adult uterine and vaginal epithelia did not
hange their original gene expression in response to heterotypic mesenchymal induction. In the adult vagina, E2 induced
xpression of involucrin, a CCAAT/enhancer-binding protein b and cytokeratin 1 via estrogen receptor a (ERa). Tissue
recombination experiments with wild-type and ERa knockout mice demonstrated that epithelial gene expression is
regulated by E2 via epithelial–stromal tissue interactions. Uterine/vaginal heterotypic tissue recombinations demonstrated
hat functional differentiation of uterine and vaginal epithelia required organ-specific stromal factors. In contrast, stromal
ignals regulating epithelial proliferation appeared to be nonspecific in the uterus and vagina. © 2001 Academic Press
Key Words: uterus; vagina; cervix; tissue recombination; cornification; estrogen receptor a; progesterone receptor;
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Vaginal epithelium arises from the lower part of the
endodermal urogenital sinus (sinus vagina) and the lower
fused mesodermal paramesonephric or Mu¨llerian ducts
(Mu¨llerian vagina) (Cunha, 1975; Forsberg, 1965). The
uterus develops from the middle to upper portion of the
Mu¨llerian duct (Forsberg, 1973). During perinatal develop-
ment, the epithelia of Mu¨llerian duct-derived organs un-
dergo specific morphogenetic changes. In the uterus, the
Mu¨llerian duct epithelium differentiates into simple co-
lumnar luminal and glandular epithelium. In the vagina,
the epithelium becomes stratified squamous. The epithelia
of the uterus and Mu¨llerian vagina in the newborn mouse
are developmentally plastic. Thus, vaginal mesenchyme
can induce neonatal uterine epithelium to differentiate into
a stratified squamous vaginal epithelium (Cunha, 1976).
1 To whom correspondence should be addressed. Fax: (415) 502-
m2270. E-mail: grcunha@itsa.ucsf.edu.
194ikewise, uterine mesenchyme can induce neonatal Mu¨lle-
ian vaginal epithelium to differentiate into a simple co-
umnar uterine epithelium (Cunha, 1976). Although indis-
inguishable in adult mice, Mu¨llerian and sinus vaginal
pithelial cells are not developmentally equivalent (Fors-
erg and Abro, 1971). Endoderm-derived sinus vaginal epi-
helium cannot be induced to differentiate into simple
olumnar uterine epithelium by uterine mesenchyme (Bou-
in et al., 1991). In addition, sinus vaginal epithelium, but
ot Mu¨llerian vaginal epithelium, can be induced to un-
ergo prostatic differentiation (Boutin et al., 1991). Uterine
nd vaginal epithelial differentiation has been assessed
ostly by morphological criteria (Boutin et al., 1991;
unha, 1976). In this study, we used a spectrum of immu-
ohistochemical probes to study the mechanism of uterine
nd vaginal epithelial differentiation during perinatal devel-
pment and during the estrous cycle in adulthood.
Cytokeratins are intermediate filament proteins that are
pecifically found in epithelial cells, and are required for
aintaining cellular integrity and epithelial differentiation
0012-1606/01 $35.00
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195Mu¨llerian Epithelial DifferentiationFIG. 1. Experimental design. The procedures of tissue separation, tissue recombination, kidney grafting, and hormone treatment are
illustrated. The details are in Materials and Methods. Uterine (Ut) and vaginal (Vg) heterotypic tissue recombinants are labeled with *. UT,
uterus; MVG, Mu¨llerian vagina; VG, vagina; neo, neonatal; wt, wild-type; TRs, tissue recombinants; E, epithelium; M, mesenchyme; S,
stroma. Neonatal-uterine/vaginal tissue recombinants (A) were made with epithelium and mesenchyme from uterus (neo-UtE and UtM)
and Mu¨llerian vagina (neo-VgE and VgM) of 1- or 10-day-old neonatal mice. Adult-uterine/vaginal tissue recombinants (B) were made with
epithelium from uterus and vagina of adult mice (adult-UtE and adult-VgE) and UtM and VgM of 1-day-old neonatal mice. Wild-type/
aERKO vaginal tissue recombinants were made with vaginal epithelium and stroma of neonatal (7- to 14-day-old) mice. After 4 weeks of
grafting, all hosts were ovariectomized. Two weeks after ovariectomy, all hosts received daily i.p. injections of 125 ng E2 in 0.1 ml peanut
oil or 0.1 ml peanut oil alone for 3 days (from day 1 to day 3). Twenty-four hours after the last hormone injection (day 4), animals were
sacrificed to harvest tissue grafts.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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196 Kurita, Cooke, and Cunha(see reviews by Fuchs and Coulombe, 1992; Takahashi et
l., 1999). In the female reproductive tract, cytokeratins 5
K5) and 14 (K14) are expressed in cervicovaginal epithelial
ells but not in uterine epithelial cells. These cytokeratins
re essential for maintaining stratified epithelial functions
Chan et al., 1994; Ehrlich et al., 1995; Jonkman et al., 1996;
loyd et al., 1995; Rugg et al., 1994; Stephens et al., 1995).
During the estrous cycle, adult reproductive organs go
hrough dynamic morphogenetic and functional changes.
dult uterine and vaginal epithelial cells undergo cyclic
roliferative, differentiative, and apoptotic stages in re-
ponse to changes in serum levels of 17b-estradiol (E2) and
rogesterone (P4). At proestrus/estrus, increased systemic
E2 stimulates uterine and vaginal epithelial proliferation
and differentiation. At estrus, uterine epithelial cells be-
come secretory, and vaginal epithelial cells keratinize in
response to E2. If pregnancy is not established, apoptosis of
terine and vaginal epithelial cells is induced by a decrease
n the levels of E2 and P4. Uterine and vaginal epithelial
roliferation (Buchanan et al., 1998; Cooke et al., 1997;
Kurita et al., 1998b) and apoptosis (Kurita et al., 2001b) are
regulated by E2 and P4 through their respective receptors in
the stroma. In this report, we studied roles of uterine and
vaginal stroma in epithelial differentiation induced by E2.
eratinization markers, such as involucrin (Warhol et al.,
982), cornifins (Marvin et al., 1992), lorucrin (Hohl et al.,
1993), and K1 and K10 (Darwiche et al., 1993), are up-
egulated by E2 in vaginal epithelial cells. We found that a
transcription factor CCAAT/enhancer-binding protein b
FIG. 2. Ontogeny of epithelial differentiation markers in mouse
eproductive tracts from E18 Balb/c mice. K14, cytokeratin 14; Inv,
agina; CVX, cervix; UT, uterus. Black arrowhead indicates the bo(C/EBP b) is also up-regulated in the suprabasal layer of
Copyright © 2001 by Academic Press. All rightornified vaginal epithelium. Transcription factors AP-2a
and C/EBP b have been suggested to be involved in regula-
ion of K10 expression in mouse skin (Maytin et al., 1999).
his report suggests that C/EBP b plays an important role in
E2-induced cornification of vaginal epithelium.
Actions of E2 and P4 are mediated by estrogen receptor
ER) and progesterone receptor (PR), respectively. Both ER
nd PR are members of the steroid–retinoid receptor super-
amily and function as ligand-modulated transcription fac-
ors (Evans, 1988). Two forms of ER, ERa and ERb, have
been identified, and both isoforms have been detected in the
rodent uterus (Kuiper et al., 1997; Kurita et al., 2001a; Wang
et al., 1999). Although a few estrogenic actions on uterine
cells in adult mice are suggested to be ERb mediated (Kurita
et al., 1998a, 2001a), ERa is the major receptor mediating
ost E2 actions in the female mouse reproductive tract (see
eview by Couse and Korach, 1999). Thus, proper expres-
ion of ERa is a prerequisite for normal functional differen-
iation of uterine and vaginal epithelial cells. Accordingly
Ra knockout (aERKO) mice were used to study epithelial–
tromal interactions in E2-induced vaginal epithelial differ-
ntiation.
PR is one of most well studied estrogen-regulated genes.
n most tissues, PR is up-regulated by estrogen (see review
y Graham and Clarke, 1997). In vaginal epithelial cells, E2
induces PR directly via ERa in the vaginal epithelial cells
Kurita et al., 2000b). In contrast, E2 and ERa are not
required for a high constitutive level of PR expression in
uterine epithelium of rats and mice (Kurita et al., 2000b).
s and vagina. Embryonic day 18 (E18). Immunostaining of female
lucrin; UGS, urogenital sinus; SVG, sinus vagina; MVG, Mu¨llerian
ry between SVG and MVG. Red arrows indicate positive cells.uteru
invoSurprisingly, PR is down-regulated by E2 in mouse uterine
s of reproduction in any form reserved.
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197Mu¨llerian Epithelial Differentiationepithelium via ERa in the stromal cells; epithelial ERa is
ot required (Kurita et al., 2000b). This unusual pattern of
R regulation is unique for uterine epithelial cells of
FIG. 3. Ontogeny of epithelial differentiation markers in mouse
female reproductive tracts from Balb/c mice at P3 or P7. K14, cytok
uterus; ep, epithelium. Red arrows indicate positive cells. Black arr
which PR or ERa expression changes.odents. e
Copyright © 2001 by Academic Press. All rightIn the uterus (Cooke et al., 1997) and vagina (Buchanan et
l., 1998), mitogenicity of estrogen in normal epithelial
ells is induced through ERa in the stroma in vivo. Thus,
s and vagina. Postnatal day 3 (P3) and 7 (P7). Immunostaining of
14; SVG, sinus vagina; MVG, Mu¨llerian vagina; CVX, cervix; UT,
in low-magnification images (P3, ERa, and PR) indicate the area inuteru
eratin
owsxpression of cell cycle regulatory proteins in uterine and
s of reproduction in any form reserved.
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198 Kurita, Cooke, and Cunhavaginal epithelial cells should be controlled by E2 through
aracrine mechanisms mediated via stromal ERa. In this
study, Ki67, cdk 4, and the retinoblastoma (Rb) homologue
p107 were used to assess uterine and vaginal epithelial
proliferation. We found that another Rb homologue, p130,
was highly expressed in adult uterine and vaginal epithelial
cells, but its expression level was very low at the perinatal
period. Therefore, p130 was used as a marker for epithelial
maturation in female genital tract. By using a panel of
antibodies to a variety of proliferation and differentiation
markers, we have shown that the stromal influence on
epithelial differentiation is highly specific, whereas stromal
influence on epithelial growth is nonspecific.
MATERIALS AND METHODS
Animals. All animals were maintained in accordance with the
NIH Guide for Care and Use of Laboratory Animals, and all
procedures described here were approved by the UCSF animal care
and usage committees. Mice were maintained under controlled
temperature and lighting conditions, and were given food (Purina
Laboratory Chow, Ralston Purina Company, St. Louis, MO) and
water ad libitum. Balb/c mice and adult female athymic nude mice
were purchased from Charles River (Wilmington, MA). aERKO
ice on a C57BL6-J/129Svj mixed genetic background were pro-
uced and genotyped as described previously (Lubahn et al., 1993).
Tissue separation, recombination, grafting, and hormone treat-
ment. The experimental design is presented in Fig. 1. For neonatal
uterine/vaginal tissue recombinants, neonatal (postnatal day 1 or
postnatal day 10) female Balb/c mice were used as a source of
epithelium and mesenchyme (Fig. 1a). For adult uterine/vaginal
tissue recombinants, uterine and Mu¨llerian vaginal epithelia from
adult female Balb/c mice (approximately 2–3 months old) were
recombined with uterine and Mu¨llerian vaginal mesenchyme from
neonatal (postnatal day1) female Balb/c mice (Fig. 1b). To remove
the cornified layer of the vaginal epithelium, adult Balb/c female
donor mice were ovariectomized at least 1 week before harvest of
tissues for tissue recombination. Since the Mu¨llerian and sinus
vaginal epithelial cells are indistinguishable in adult mice, epithe-
lial cells from approximately the upper one-fifth of the vagina were
assumed to be Mu¨llerian in origin and were used for tissue
recombination. Vaginal epithelium and stroma from neonatal
(postnatal day 7–14) wild-type and aERKO littermates were used
for wild-type/aERKO vaginal tissue recombination (Fig. 1c). The
emale reproductive tract was dissected from donor mice. The
terus and vagina were cut into small pieces, placed into 1%
rypsin (Gibco, 1:250) (Invitrogen, Carlsbad, CA) in Hanks’ bal-
nced salt solution (UCSF Cell Culture Facility, San Francisco, CA)
nd digested at 4°C for 90 min. Tissue pieces were washed with
0% FCS in Dulbecco’s modified Eagle’s (DME) medium (UCSF
ell Culture Facility), and then the uterine pieces were cut open.
he uterine and vaginal epithelia and mesenchyme were separated
echanically by using fine surgical forceps. The isolated epithe-
ium and mesenchyme were recombined on a 0.5% agar plate
ontaining 10% FCS and 13 Ham’s F-12/DME medium (UCSF Cell
ulture Facility), and allowed to adhere at 37°C in 5% CO2
overnight. The tissue recombinants were grafted under the renal
capsule of adult female Balb/c or athymic nude mice. All host mice
were ovariectomized 4 weeks after grafting, and kept for another 2
weeks to reduce systemic E2 and P4 to the basal levels. Two weeks
Copyright © 2001 by Academic Press. All rightfter ovariectomy, all hosts received daily i.p. injections of 125 ng
2 (Sigma, St. Louis, MO) in 0.1 ml peanut oil (Sigma) or 0.1 ml
peanut oil alone for 3 days (Fig. 1d, days 1–3). Peanut oil has been
used as a vehicle for the steroid hormones (Kurita et al., 1998b)
ecause these steroids are soluble in oil but not in aqueous
olutions. Twenty-four hours after the last hormone injection (Fig.
d, day 4), the animals were sacrificed to harvest tissue recombi-
ants. Results were based on analysis of 4–14 tissue recombinants
er group (approximately 200 total).
Immunohistochemistry. Anti-PR rabbit polyclonal IgG (1:100),
nti-ERa mouse monoclonal IgG 1D5 (1:50), anti-cytokeratin 1
ouse monoclonal IgG (1:25), and anti-cytokeratin 10 mouse
onoclonal IgG (1:25) were purchased from DAKO (Carpenteria,
A). Anti-involucrin rabbit polyclonal IgG (1:2000) was purchased
rom Covance (Princeton, NJ). Anti-C/EBP b mouse monoclonal
IgG (1:25), anti-cdk4 rabbit polyclonal IgG (1:200), anti-p107 rabbit
polyclonal IgG (1:200), and anti-p130 rabbit polyclonal IgG (1:200)
were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA). Anti-Ki67 mouse monoclonal antibody (1:100) was purchased
from Novacastra Laboratories Inc. (Burlingame, CA). Anti-human
cytokeratin 14 mouse monoclonal IgG LE001 (1:5) and anti-human
cytokeratin 8 mouse monoclonal IgG LE41 (1:2) were obtained
from Dr. E. B. Lane (University of Dundee, Dundee, U.K.). Anti-C/
EBP b (Maytin et al., 1999), p130 (LeCouter et al., 1998), involucrin
(Djian et al., 2000), ERa (Kurita et al., 2000b), and PR (Kurita et al.,
1998b) antibodies do not crossreact with tissues of the respective
knockout mice. Tissue recombinants were fixed with 4% parafor-
maldehyde for 3 h on ice. Tissues were processed into paraffin, then
sectioned at 6 mm. Methods for immunohistochemical detection
ave been described (Kurita et al., 1998b, 2000b). Positive signals
ere visualized as brown precipitate utilizing 3,39-
iaminobenzidine tetra-hydrochloride (DAB; Sigma). Hematoxylin
as used for the counterstaining (blue).
Measurement of epithelial height. Images of tissue recombi-
ants were captured with a DC330 camera (Dage-MTI Inc., Michi-
an City, IN), interfaced with a PowerBase 200 computer (Power
omputing, Round Rock, TX), and analyzed with Scion Image
.62a software (Scion Inc., Frederick, MD). The epithelial layer was
anually selected, and its area and the length of the corresponding
asement membrane were measured. The ratio of area/basement
embrane length was used to estimate epithelial height. In each
roup, an area equivalent to approximately 2000 epithelial cells
as analyzed from 5–8 tissue recombinants. Data were statisti-
ally analyzed by the factorial-ANOVA test followed by Fisher’s
rotected least-significant-difference (PLSD) test.
RESULTS
Epithelial Differentiation in Developing Uterus
and Vagina
Embryonic stage (E16–E18). At 16–18 days of gestation
in the mouse, epithelial tissues of the female reproductive
tract (uterine, Mu¨llerian, and sinus vaginal epithelia) were
recognizable and were beginning to show distinctive differ-
ences in gene expression. By embryonic day 16 (E16), the sinus
vagina was recognizable as a solid epithelial outgrowth of the
urogenital sinus (Fig. 2, SVG). At E16–E18, uterine, cervical,
and Mu¨llerian vaginal epithelial cells were morphologically
uniform and simple columnar, while sinus vaginal epithelium
was a solid cord. Thus, the boundary between sinus and
s of reproduction in any form reserved.
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(Fig. 2, black arrowheads). Gene expression was also distinc-
tive in epithelial cells of sinus vagina and Mu¨llerian deriva-
tives. At E16–E18, sinus vaginal epithelium was already
positive for K14, ERa, p130, and involucrin (Fig. 2, SVG). In
contrast, at this stage (E16–E18), epithelial cells of the entire
Mu¨llerian duct were negative for K14 (Fig. 2, MVG, MVG/
CVX, and UT) and involucrin (not illustrated). Epithelial cells
in the middle to lower part of the Mu¨llerian duct (Fig. 2,
MVG/CVX and UT) were negative for ERa, except a subset of
Mu¨llerian vaginal epithelial cells at the junction with sinus
vagina (Fig. 2, SVG/MVG, red arrows). At E16–E18, p130 was
weakly detected only in a small subset of epithelial cells in the
Mu¨llerian duct. At E16–E18, PR was undetectable in uterine,
cervical, Mu¨llerian, and sinus vaginal epithelial cells (Fig. 2).
Postnatal day 3 (P3). The initially sharp boundary be-
tween sinus and Mu¨llerian vaginal epithelia was already
becoming indistinct. The originally solid sinus vagina was
canalized, stratified-squamous, and positive for K14 [Fig. 3,
P3, K14, lower box (SVG)]. The original simple columnar
Mu¨llerian vaginal epithelium had begun to stratify, and
very weak K14 expression was detected in most of the basal
cells [Fig. 3, P3, K14, the middle box (MVG), red arrows].
Both sinus and Mu¨llerian vaginal epithelial cells were
strongly positive for ERa and p130, while mostly negative
for PR (Fig. 3). Thus, differentiation of sinus and Mu¨llerian
vaginal epithelia was becoming similar.
Uterine epithelium displayed a pattern of markers dis-
tinct from vaginal epithelium. At P3, the uterine epithe-
lium was strongly positive for p130 (Fig. 3, P3) but still
TABLE 1
Expression of Uterine and Vaginal Epithelial Markers during Deve
K14 PR
UTE
VGE
UTE
V
MVG SVG MVG
Embryo
E16 2 2 11 2 2
E18 2 2 11 2 2
eonate
P1 2 2/1* 11 2 2
P3 2 1/2* 11 1/2 2
P5 2 1/2* 11 1 2
P7 2 1* 11 1 2
P10 2 1* 11 11
P14 2 11 11
dult
OVX 1 oil 2 11 11
OVX 1 E2 2 11 2/1 1
Note. UTE, uterine epithelium; VGE, vaginal epithelium; MVG
egative; 2/1, mostly negative but positive cells were detected; 1/
*, basal layer only.entirely negative for ERa (Fig. 3, P3, ERa, upper box). In b
Copyright © 2001 by Academic Press. All rightcontrast to ERa, PR was weakly detected in most of the
uterine epithelial cells (Fig. 3, P3, PR, upper box, red
arrows). Thus, expression patterns of ERa and PR in uterine
and vaginal/cervical epithelia were opposite; ERa was ex-
pressed only in vaginal/cervical but not uterine epithelium,
while PR was expressed in uterine but was mostly unde-
tectable in vaginal/cervical epithelium. The transition of
ERa and PR expression in the epithelial cells occurred in
the cervix (Fig. 3, P3, ERa and PR, black arrow). However, at
this age, the boundary between cervical and uterine epithe-
lia was not demarcated by a distinct squamocolumnar
junction as is the case in adulthood. PR was also expressed
in some Mu¨llerian vaginal epithelial cells in the fornix (Fig.
3, P3, PR, red arrows), but the PR expression in Mu¨llerian
vaginal epithelial cells was transient and was undetectable
by P5 (not shown). These data suggest that, at P3, regional
patterns of epithelial differentiation are becoming estab-
lished in the uterus, cervix, and Mu¨llerian vagina.
Postnatal day 7 (P7). By P7, differential gene expression
in uterine and vaginal epithelia was quite distinctive. The
Mu¨llerian vaginal epithelium expressed K14 in basal cells
(Fig. 3, P7) but remained entirely negative for PR (Fig. 3, P7).
In contrast, most uterine epithelial cells were positive for
PR (Fig. 3, P7, UT, PR,) but completely negative for K14
(Fig. 3, P7). Differentiation of uterine glands was also
observed at P7 (Fig. 3, P7). Both ERa and p130 were
etectable in uterine, cervical, Mu¨llerian, and sinus vaginal
pithelial cells (Fig. 3, P7). Thus, by 7 days postnatal, the
xpression pattern of these epithelial genes was essentially
he same as that in ovariectomized adult female mice (see
ent
ERa p130
UTE
VGE
UTE
VGE
VG MVG SVG MVG SVG
2 2 2 1 2/1 2/1 1
2 2 2/1 1 2/1 2/1 1
2 2 1/2 11 1/2 1/2 1
2 2 11 11 11 11 11
2 2/1 11 11 11 11 11
2 1/2 11 11 11 11 11
1 11 11 11
11 11 11 11
11 11 11 11
11 11* 1 11
llerian vagina; SVG, sinus vagina; OVX, ovariectomy; vagina. 2,
ost cells were weakly positive; 1, positive; 11, strongly positive.lopm
GE
S
2
2
2
1
, Mu¨
2, melow) (Table 1).
s of reproduction in any form reserved.
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200 Kurita, Cooke, and CunhaEpithelial Differentiation in Adult Uterus and
Vagina
In adult mice, both ERa and p130 were strongly detected
FIG. 4. Expression of K14 and PR in adult mouse female reproduc
agina (a, d, g, and j), cervix (b, e, h, and k), and uterus (c, f, i, and
njections of 125 ng E2 in 0.1 ml peanut oil (1E2; d–f and j,-l) or
acrificed at 24 h after the last hormone treatment. VgE, vaginal
rrows indicate columnar luminal cervical epithelial cells. Smal
rrowheads indicate squamocolumnar junction.n uterine and vaginal epithelia (Table 1). The transition t
Copyright © 2001 by Academic Press. All rightetween the simple columnar epithelium of the uterus and
he stratified squamous cervicovaginal epithelium was
harply defined in the cervix at the squamocolumnar junc-
tract. Immunohistochemical detection of K14 (a–f) and PR (g–l) in
wo weeks after ovariectomy, mature female Balb/c mice received
ut oil alone (2E2; a–c and g–i) daily for 3 days. All animals were
elium; CvE, cervical epithelium; UtE, uterine epithelium. Black
arrows indicate K14-positive cervical epithelial cells. Large redtive
l). T
pean
epith
l redion (Figs. 4e, 4h, and 4k, red arrowheads). The distinctive
s of reproduction in any form reserved.
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201Mu¨llerian Epithelial Differentiationboundary where there was a change in expression of K14
and PR occurred precisely at the squamocolumnar junction.
Cytokeratin 14 (K14). K14 was detectable in the strati-
fied squamous vaginal (Figs. 4a and 4d) and cervical (Figs. 4b
and 4e) epithelia, but not in simple columnar uterine
FIG. 5. Immunohistochemical detection of K14 and PR in uterine/
II). UtE, uterine epithelium; VgE, vaginal epithelium; UtM, uterin
neo) or adult (2- to 3-month-old) Balb/c mice was recombined with
ice were ovariectomized approximately 1 month later. Two week
1E2; a–h and q–t) or peanut oil alone (2E2; i–p) daily for 3 days.
epithelium; st, stroma; myo, myometrium. Red arrows indicate vaepithelium (Figs. 4c and 4f). In ovariectomized mice, the a
Copyright © 2001 by Academic Press. All rightntire vaginal epithelium was positive for K14 (Fig. 4a),
hile only the basal layer of cervical epithelium was
ositive for K14 (Fig. 3). E2 did not change this expression
pattern of K14 (Fig. 3). In the cervix, E2 treatment increased
he thickness of K14-positive epithelial layers (Fig. 4e, red
nal tissue recombinants. Immunohistochemistry for K14 (I) and PR
senchyme; VgM, vaginal mesenchyme. UtE or VgE from 1-day-old
ine or vaginal mesenchyme (UtM and VgM, respectively). All host
er, all animals received injection of 125 ng E2 in 0.1 ml peanut oil
osts were sacrificed at 24 h after the last hormone treatment. ep,
l basal epithelium.vagi
e me
uter
s lat
All hrrow), but luminal cells remained K14-negative (Fig. 4e,
s of reproduction in any form reserved.
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202 Kurita, Cooke, and Cunhablack arrows). The K14-negative cervical luminal epithelial
cells (Figs. 4b and 4e, black arrows) were positive for simple
epithelial cytokeratins (K8) (not shown).
Progesterone receptor (PR). In oil-treated ovariecto-
mized adult mice, PR was detectable only in the simple
columnar uterine epithelium (Figs. 4h and 4i) and not in
vaginal and cervical epithelia (Figs. 4g and 4h). Thus, the
pattern of PR expression in the ovariectomized mice was
exactly opposite to the pattern of K14. Although luminal
cervical epithelial cells were columnar and negative for K14
(Fig. 4b, black arrows), in the absence of E2, PR was very low
to undetectable in luminal epithelium of cervix (Fig. 4h,
black arrows). Thus, UtE and luminal cervical epithelium
were different and clearly definable by expression of PR in
oil-treated ovariectomized adult mice (Fig. 4h vs. Fig. 4i). E2
treatment induced PR in vaginal and cervical epithelia (Fig.
4j), while E2 down-regulated PR in UtE (Fig. 4l). Thus, in
E2-treated ovariectomized mice, the pattern of PR expres-
FIG. 6. Regulation of Involucrin, K1, and C/EBP b by E2 in vagina
(c and d), and C/EBP b (C/EBP, e and f). Two weeks after ovariectom
il (1E2; b, d, and f) or peanut oil alone (2E2; a, c, and e) daily for 3 da
rrows indicate the basal epithelial layer. ep, epithelium; st, stromion was completely opposite to that of oil-treated mice s
Copyright © 2001 by Academic Press. All rightcompare Figs. 4h and 4k). These differences in PR regula-
ion changed abruptly at the squamocolumnar junction
Figs. 4h and 4k, red arrowheads).
Mesenchymal Induction of Epithelial
Differentiation
It has been shown that uterine and vaginal epithelial
morphological phenotypes (simple columnar and stratified
squamous) are determined by uterine and vaginal mesen-
chyme (Cunha, 1976). We studied epithelial differentiation
in uterine and vaginal tissue recombinants utilizing uterine
(high PR expression in the absence of E2) and vaginal (K14)
ifferentiation markers. Tissue recombinants were con-
tructed with neonatal uterine (UtM) or Mu¨llerian vaginal
esenchyme (VgM) plus UtE or Mu¨llerian VgE derived
rom neonatal (P1) (Fig. 1A) or mature adult Balb/c mice
Fig. 1B). Epithelial cells in all tissue recombinants were
thelium. Immunohistochemistry for involucrin (Invo, a and b), K1
ature female Balb/c received injection of 125 ng E2 in 0.1 ml peanut
ll animals were sacrificed at 24 h after the last hormone treatment.l epi
y, m
ys. Atrongly positive for ERa and p130 after 1 month of in vivo
s of reproduction in any form reserved.
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203Mu¨llerian Epithelial Differentiationgrowth (not shown). Both epithelial ERa and p130 were very
low in neonatal uterine and vaginal epithelia at the time of
tissue recombination (P1). Thus, epithelial differentiation
progressed in the tissue recombinants.
In the homotypic tissue recombinants (UtE 1 UtM and
FIG. 7. E2-induced epithelial differentiation in aERKO/wt vagin
cytokeratin 14 (K14) (e–h), involucrin (Invo) (i–l), cytokeratin 1 (K1)
epithelium and stroma from wild-type (wt) and ERa knockout (aER
tromal cells derived from wild-type mice (a–d, arrows). Tissue rec
ude mice. Nude mice were ovariectomized, and then received inje
1D. All hosts were sacrificed at 24 h after the last hormone treatm
and wt-E 1 aERKO-S (k) tissue recombinants (arrows). ep, epithelVgE 1 VgM), epithelial phenotype was comparable to that
Copyright © 2001 by Academic Press. All rightof normal uterus and vagina, and epithelial age did not
affect the result. When UtE from neonatal (Figs. 5a and 5i)
or adult (Figs. 5e and 5m) mice was recombined with UtM,
the uterine epithelial tissue developed a normal simple
columnar phenotype. K14 was not expressed in the simple
sue recombinants. Immunohistochemical staining for ERa (a–d),
), and C/EBP b (q–t). Tissue recombinants were made with vaginal
mice (see Fig. 1C). ERa was detected only in vaginal epithelial and
nants were grown for 1 month under the renal capsule of athymic
s of E2 or oil alone (not shown) daily for 3 days as illustrated in Fig.
Weak staining for involucrin was detected in aERKO-E 1 wt-S (j)
st, stroma.al tis
(m–p
KO)
ombi
ction
ent.columnar epithelia of neonatal-UtE 1 UtM (Fig. 5a) and
s of reproduction in any form reserved.
204 Kurita, Cooke, and CunhaFIG. 8. E2-induced epithelial differentiation in uterine/vaginal tissue recombinants. Immunohistochemistry for involucrin (a and b), K1 (c and d), and
C/EBP b (e and f). Adult Mu¨llerian vaginal epithelium (adult-VgE) was recombined with uterine (UtM) or vaginal mesenchyme (VgM). The adult-VgE
retained its original vaginal phenotype even when associated with heterotypic UtM (see Fig. 5). Arrows indicate the basal epithelial layer.FIG. 9. Immunohistochemistry for Ki67 in uterine/vaginal tissue recombinants. UtE, uterine epithelium; VgE, vaginal epithelium; UtM,
uterine mesenchyme; VgM, vaginal mesenchyme. Tissue recombinants were prepared as illustrated in Fig. 1B, and grafted for 1 month in intact
Balb/c host mice. Hosts were then ovariectomized and treated with E2 (1E2; e–h) or oil (2E2; a–d) as illustrated in Fig. 1D. ep, epithelium; st,
stroma. Both adult-UtE and adult-VgE retained their original uterine and vaginal phenotype, respectively, even when recombined with
heterotypic mesenchyme (see Fig. 5).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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205Mu¨llerian Epithelial Differentiationadult-UtE 1 UtM (Fig. 5e) tissue recombinants. In both
neonatal-UtE 1 UtM and adult-UtE 1 UtM tissue recom-
inants, PR was highly expressed in the absence of E2,
hich is a unique phenotype of normal UtE (Figs. 5i and
m). Thus, epithelial cells in neonatal-UtE 1 UtM and
dult-UtE 1 UtM tissue recombinants underwent uterine
ifferentiation. Likewise, epithelial tissue of both neonatal-
gE 1 VgM (Figs. 5d and 5l) and adult-VgE 1 VgM (Figs. 5h
nd 5p) tissue recombinants showed normal vaginal epithe-
ial morphology (stratified squamous), and expressed K14
Figs. 5d and 5h). PR was undetectable in ovariectomized
osts (Figs. 5l and 5p) but was induced by E2 treatment (Fig.
t). Therefore, both neonatal and adult VgE mice recom-
ined with VgM underwent typical vaginal differentiation.
In contrast, epithelial phenotypes of the heterotypic tis-
ue recombinants (UtE 1 VgM and VgE 1 UtM, Figs. 1A
nd 1B with *) were dependent on the age of epithelial
onor (neonate or adult). When neonatal-UtE was recom-
ined with VgM, the neonatal-UtE was induced by VgM to
ifferentiate into stratified squamous “vaginal” epithelium
xpressing K14 (Fig. 5c). PR was undetectable in the absence
f E2, which is also the typical vaginal epithelial phenotype
(Fig. 5k). In contrast, when adult-UtE was recombined with
VgM, the adult-UtE did not change its original simple
columnar uterine phenotype. After 1 month of in vivo
growth, adult-UtE recombined with VgM remained simple
columnar, was negative for K14 (Fig. 5g), and was strongly
positive for PR in ovariectomized host (2E2) (Fig. 5o). Thus,
ifferentiation of adult-UtE was unresponsive to induction
y VgM. Parallel to the UtE, neonatal and adult VgE also
howed age differences in differentiation response to UtM.
hen neonatal-VgE was recombined with UtM, the
eonatal-VgE was induced by UtM to differentiate into
imple columnar “uterine” epithelium, which was negative
or K14 (Fig. 5b), and expressed high levels of PR in the
bsence of E2 (Fig. 5j). In contrast, when adult-VgE was
recombined with UtM, the adult-VgE remained stratified
squamous and was positive for K14 (Fig. 5f). PR was
ABLE 2
xpression of Differentiation and Proliferation Markers in Adult U
Differentiation marker
PR Involucrin K1
2E2 1E2 2E2 1E2 2E2 1
Adult-UtE 1 VgM 1 1 2 2 2 2
1 UtM 1 2 2 2 2 2
Adult-VgE 1 VgM 2 1 2 1 2 1
1 UtM 2 1 2 1 2 2
Note. UtE, uterine epithelium; VgE, vaginal epithelium; UtM, ut
E2, E2-treated; 2, negative; 2/1, mostly negative but positive cel
exclusively in the columnar luminal cells; *, mostly in the basal cundetectable in ovariectomized hosts (Fig. 5n) but was l
Copyright © 2001 by Academic Press. All rightinduced by E2 treatment (Fig. 5r). Thus, neonatal UtE and
VgE were responsive to heterotypic mesenchymal inducers,
but adult UtE and VgE were not. In adult-VgE 1 UtM tissue
recombinants, luminal epithelial cells were negative for
K14 (Fig. 5f, black arrows). The K14-negative luminal epi-
thelial cells were mostly negative for PR in the absence of
E2 (Fig. 5n, black arrow). Thus, epithelial morphology and
gene expression were similar to that of cervical epithelial
cells (Figs. 5b, 5e, 5h, and 5k, black arrows). These K8-
positive/K14-negative luminal epithelial cells appeared to
have been induced to differentiate by UtM because these
columnar luminal cells were never detected in adult-VgE 1
VgM tissue recombinants. This observation may explain
the origin of cervical luminal epithelial cells. Although
adult-VgE cannot be reinduced to become UtE by UtM,
adult-VgE still retains some degree of responsiveness to
FIG. 10. Thickness of vaginal epithelium in uterine/vaginal epi-
thelial tissue recombinants. Adult vaginal epithelium was recom-
bined with vaginal (VgM) or uterine mesenchyme (UtM), and
grafted under the kidney capsule of adult female Balb/c mice. All
hosts were ovariectomized 1 month after grafting, and then 2
weeks later, treated with oil (2E2) or E2 (1E2). Results were
nalyzed by the factorial-ANOVA and Fisher’s protected least
ignificant difference (PLSD) tests. The bars labeled with a different
nd VgE Recombined with UtM or VgM
Proliferation marker
C/EBP b Ki67 p107 cdk4
2E2 1E2 2E2 1E2 2E2 1E2 2E2 1E2
2/1 2/1 2 1 2 1 2 1
2/1 2/1 2 1 2 1 2 1
2 1 2 1* 2 1* 2 1*
2/1 2/1 2/1$ 1* 2/1$ 1* 1/2$ 1*
mesenchyme; VgM, vaginal mesenchyme; 2E2, no E2 (oil-treated);
re detected; 1/2, most cells were weakly positive; 1, positive. $,tE a
E2
erine
ls weetter were significantly different (P , 0.01).
s of reproduction in any form reserved.
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206 Kurita, Cooke, and CunhaFIG. 11. Model for oraganogenetic differentiation of uterine and vaginal epithelial cells. In embryos, epithelial cells in the Mu¨llerian duct
are uniform and undifferentiated (embryo). Vaginal mesenchyme (VgM) expresses factors (red arrows) which induce Mu¨llerian epithelial
cells to undergo vaginal differentiation, while uterine mesenchyme (UtM) express factors (blue arrows) which induce Mu¨llerian epithelial
cells uterine differentiation. During postnatal development, epithelial cells in the vaginal area are gradually induced by VgM to express a
spectrum of genes specific for vaginal epithelium. Likewise, epithelial cells in the uterine area are induced by UtM to gradually express
genes specific for uterine epithelium (neonate). Thus, the boundary between UtE and CvE/VgE is incrementally formed. There is an area
where uterine and vaginal inductive activity overlap in the cervical region. Cervical epithelium (CvE) is exposed to signals from both VgM
and UtM. The vaginal inducer (red arrows) stimulates squamous differentiation, and the UtM signal (blue arrow) induces columnar luminal
epithelial differentiation. At P10, the gene expression pattern in vaginal and uterine epithelial cells is essentially identical to that in
ovariectomized adult mice (Table 1), but both uterine and vaginal epithelial cells still retain a certain degree of developmental plasticity.
In adulthood, epithelial differentiation is completely established and developmental plasticity is lost in most uterine and vaginal epithelial
cells (adult). The boundary between UtE and CvE/VgE is clearly defined as the squamocolumnar junction (SCJ) (red arrowhead).
FIG. 12. Model for E2-induced functional differentiation of uterine and vaginal epithelial cells. (I) Regulation of uterine epithelial PR by E2. (a)
Adult-UtE 1 UtM. E2 binds to ERa in uterine stroma (UtS), and then activates production of a stromal paracrine factor(s) (yellow arrow), which
cts on uterine epithelium to down-regulate uterine epithelial PR. (b) Adult-VgE 1 VgM. In vaginal epithelial and stromal cells, E2 directly
nduces PR expression via ERa in responding cells (Kurita et al., 2000b). (c) Adult-UtE 1 VgM. E2 induces PR in vaginal stromal cells via ERa in
tromal cells. However, vaginal stromal cells do not produce the uterine paracrine factor (yellow arrow in a) which down-regulates uterine
pithelial PR. Thus, the level of PR expression in uterine epithelium remains high even in the presence of E2. (II) Regulation of vaginal epithelial
ornification by E2. (d) Adult-VgE 1 VgM. E2 binds to ERa in vaginal epithelial cells, and then activates PR and genes essential for vaginal
epithelial cornification. E2 also binds to stromal ERa, which caused VgS to produce a factor(s) that induce (1) epithelial proliferation and/or
involucrin expression in vaginal epithelium (red arrow), and (2) cornification of vaginal epithelium (green arrow). The combination of signaling
via epithelial and stromal ERa induces epithelial keratinization markers such as K1 and C/EBP b. (e) Adult-VgE 1 UtM. UtS produces factors
which induce epithelial proliferation and/or involucrin in vaginal epithelial cells (red arrow). However, C/EBP b and K1 (and also K10) are not
nduced in the vaginal epithelium by E2 because UtS does not produce essential factors for vaginal epithelial cornification (green arrow in d).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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207Mu¨llerian Epithelial Differentiationuterine mesenchymal induction and can express a cervical
phenotype.
It has been shown that epithelial cells cannot be fully
induced when tissue recombinants are made with uterine
and vaginal tissue from $7-day-old mice (Cunha, 1976).
During the first week of postnatal development, expression
patterns of uterine and vaginal epithelial differentiation
markers are partially but not fully determined (Table 1). To
see whether the proper uterine and vaginal differentiation
markers are expressed in the tissue recombinants with
mixed epithelial phenotype (stratified and columnar), tissue
recombinants were prepared with the uterus and vagina of
10-day-old neonatal mice, as in the Fig. 1A. In the 10-day-
old uterine/vaginal tissue recombinants, epithelial cells
expressed proper differentiation markers corresponding to
their morphological phenotypes, which were induced and
specified by the heterotypic mesenchyme. The gene expres-
sion pattern was always uterine or vaginal, and there was no
intermediate gene expression pattern. Simple columnar
epithelial cells in all tissue recombinants always expressed
high levels of PR in the absence of E2 (not shown). In
contrast, stratified squamous epithelial cells expressed K14,
and PR was induced only when the host was treated with E2
(not shown). In all tissue recombinants, epithelial cells
expressed p130 and ERa (not shown). Thus, epithelial cells
n 10-day-old uterine/vaginal tissue recombinants showed
ither normal uterine or vaginal phenotype. Since expres-
ion patterns of uterine and vaginal epithelial markers were
ostly established (Table 1) by P10, uterine and vaginal
esenchyme can reprogram the differentiated uterine and
aginal epithelial cells to express the other epithelial phe-
otype. At the same time, phenotypes of some epithelial
ells in the uterus and vagina appeared to be already
rreversible at P10. These data suggest that the developmen-
al plasticity of uterine and vaginal epithelial cells is not
ost at a particular point in time but is gradually lost over a
ong period of time. The ability of adult uterine epithelium
o undergo vaginal differentiation in response to vaginal
esenchymal induction may be retained in a very small
opulation because small patches of K14-positive epithelial
ells were occasionally detected in adult-UtE 1 VgM tissue
ecombinants (4 out of 12 tissue recombinants) (not shown).
ince contamination of vaginal stroma with vaginal epithe-
ium is so rare, there appears to be a small population of
dult uterine epithelial cells whose differentiation can be
eprogrammed by vaginal mesenchyme.
Stromal Signals Are Involved in E2-Induced
aginal Epithelial Differentiation
In adult mice, vaginal epithelial cells keratinize (vaginal
cornification) in response to E2 and strongly express involu-
crin (Invo) (Figs. 6a and 6b), cytokeratin 1 (K1) (Figs. 6c and
6d), and C/EBP b (C/EBP) (Figs. 6e and 6f). In ovariectomized
dult mice (2E2), all of these marker proteins were unde-
tectable (Figs. 6a, 6c, and 6e). In E2-treated ovariectomized
mice, involucrin was expressed throughout the entire vag-
Copyright © 2001 by Academic Press. All rightinal epithelial layer (basal to luminal) (Fig. 6b, basal epithe-
lial cells are indicated by arrows). In contrast, K1 (Fig. 6d)
and C/EBP b (Fig. 6f) were induced by E2 predominantly in
suprabasal layers (basal layer is indicated by arrows).
To determine whether epithelial–stromal tissue interac-
tions are essential for estrogenic regulation of these differ-
entiation markers, four types of vaginal tissue recombi-
nants were made with vaginal epithelium (E) and stroma (S)
from wild-type (wt) and/or aERKO mice (wt-E 1 wt-S,
aERKO-E 1 wt-S, wt-E 1 aERKO-S, and aERKO-E 1
aERKO-S) as shown in Fig. 1C. Tissue recombinants were
grown as subrenal capsule grafts in intact female nude mice
for 4 weeks, at which time all hosts were ovariectomized.
Before E2 treatment, all hosts were kept 2 weeks post
variectomy to make sure that endogenous estrogen had
ubsided to a basal level. Hosts then received three daily
njections of 125 ng E2 or oil (Fig. 1D). The genotype of the
pithelium and stroma in all vaginal tissue recombinants
as confirmed with ERa-immunohistochemistry (Figs. 7a–
d, positive cells are indicated by arrows). In all four types
f vaginal tissue recombinants, vaginal epithelial differen-
iation appeared normal because the epithelial cells in all
aginal tissue recombinants expressed K14 (Figs. 7e–7h). In
ll four types of vaginal tissue recombinants treated with
il, involucrin, K1, and C/EBP b were undetectable in the
pithelial cells (not shown). With E2 treatment, involucrin
Fig. 7i), K1 (Fig. 7m), and C/EBP b (Fig. 7q) were strongly
expressed only in epithelium of wt-E 1 wt-S vaginal tissue
recombinants. In contrast, K1 (Figs. 7m–7p) and C/EBP b
(Figs. 7r–7t) were undetectable to very low in all of the other
three types of tissue recombinants (wt-E 1 aERKO-S,
aERKO-E 1 wt-S, and aERKO-E 1 aERKO-S) treated with
E2. Therefore, E2-induced up-regulation of K1 and C/EBP b
in adult vaginal epithelial cells requires E2 actions via both
epithelial and stromal ERa. The full induction of involucrin
n vaginal epithelial cells also required E2 action via both
epithelial and stromal ERa. However, E2 action via epithe-
ial or stromal ERa alone (wt-E 1 aERKO-S and aERKO-E 1
t-S) could partially induce involucrin expression in the
pithelium (Figs. 7j and 7k, positive cells are indicated by
rrows). In the complete absence of both epithelial and
tromal ERa (aERKO-E 1 aERKO-S), involucrin was not
induced by E2 (Fig. 7l).
Organ-Specific Stromal Signals Are Essential for
Adult Uterine and Vaginal Epithelial
Differentiation Induced by E2
E2-induced uterine and vaginal epithelial differentiation
as studied in tissue recombinants made with adult-UtE or
dult-VgE plus neonatal UtM or VgM (Fig. 1B). In all tissue
ecombinants (adult-UtE 1 UtM, adult-VgE 1 UtM, adult-
tE 1 VgM, and adult-VgE 1 VgM), epithelial differentia-
ion was dictated by the source of the adult epithelium as
escribed above.
Regulation of uterine epithelial PR by E2. In the uterus,E2 down-regulates epithelial PR via stromal ERa (Kurita et
s of reproduction in any form reserved.
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208 Kurita, Cooke, and Cunhaal., 2000b). To determine whether vaginal stroma has the
bility to regulate adult uterine epithelial PR, adult UtE
as recombined with uterine or vaginal mesenchyme. In
oth adult-UtE 1 UtM and adult-UtE 1 VgM tissue recom-
inants, PR was highly expressed in the ovariectomized
ost (2E2) as described (Figs. 5m and 5o). Thus, specific
stromal signals are not required for adult-UtE to maintain
high PR expression in the absence of E2 (oil-treated ovari-
ctomized host). However, E2 down-regulated PR only
hen adult-UtE was recombined with UtM (Fig. 5q), and
ot when adult-UtE was recombined with VgM (compare
igs. 5q and 5s). Instead, in tissue recombinants composed
f adult-UtE 1 VgM, epithelial PR remained high in the
resence of E2 (Fig. 5s). Thus, down-regulation of uterine
epithelial PR by E2 requires specific stromal signals that are
produced by uterine but not vaginal stroma.
Regulation of keratinization markers by E2 in vaginal
epithelial cells. As described above, adult-VgE recom-
bined with either VgM or UtM retained its stratified squa-
mous vaginal phenotype and maintained K14 expression
(Figs. 5h and 5f). In ovariectomized hosts treated with oil
(2E2), involucrin, K1, and C/EBP b were undetectable in all
our types of tissue recombinants (adult-UtE 1 UtM, adult-
gE 1 UtM, adult-UtE 1 VgM, and adult-VgE 1 VgM)
Table 2, not illustrated). Adult-VgE recombined with either
tM (adult-VgE 1 UtM, Fig. 8a) or VgM (adult-VgE 1 VgM,
ig. 8b) strongly expressed involucrin in response to E2.
aERKO/wt vaginal tissue recombination studies demon-
strated that E2-induced involucrin expression involves sig-
als from both epithelial plus stromal ERa (Figs. 7i–7l).
hus, in response to E2, uterine stroma, as well as vaginal
troma, can produce the signaling molecules that are essen-
ial for expression of involucrin in vaginal epithelium. In
ontrast to the mechanism of involucrin regulation, vaginal
ornification was induced by E2 only when adult VgE was
recombined with VgM (Figs. 8a, 8c, and 8e) but not with
UtM (Figs. 8b, 8d, and 8f). Detectable levels of K1 and
C/EBP b were induced by E2 only when adult-VgE was
ecombined with VgM (Figs. 8c and 8e, respectively) but not
ith UtM (Figs. 8d and 8f). Therefore, vaginal–stroma-
pecific factors are essential for full E2-induced differentia-
tion of vaginal epithelial cells. Uterine stroma can only
partially support vaginal epithelial differentiation (expres-
sion of involucrin) (Figs. 8a and 8b).
Stromal Regulation of Adult Uterine and Vaginal
Epithelial Proliferation Induced by E2
E2 stimulates uterine and vaginal epithelial proliferation
ia ERa in the stroma (Buchanan et al., 1998; Cooke et al.,
997). Since vaginal epithelial cornification involves two
ndependent processes, both epithelial proliferation and
ifferentiation, E2-induced epithelial proliferation was stud-
ied by expression of proliferation regulators Ki67, cdk4, and
p107 in adult-uterine/vaginal tissue recombinants (Fig. 1B).
In all four types of tissue recombinants (adult-UtE 1 UtM,
dult-VgE 1 UtM, adult-UtE 1 VgM, and adult-VgE 1
Copyright © 2001 by Academic Press. All rightgM), most of the epithelial cells were negative for prolif-
ration markers (Ki67, p107, and cdk4) in the absence of E2
(Table 2 and Figs. 9a–9d). All three markers were up-
regulated by E2 in all four types of tissue recombinants
(Table 2 and Figs. 9e–9h). Epithelial thickness increased in
the E2-treated group in heterotypic adult-VgE 1 UtM tissue
ecombinants (Fig. 10, UtM) as well as in the homotypic
dult-VgE 1 VgM tissue recombinants (Fig. 10, VgM),
lthough the response was more robust in homotypic adult-
gE 1 VgM.
DISCUSSION
This work presents an integrated view of uterine and
vaginal epithelial differentiation during development and
into adulthood. We propose to call those two phases in the
uterus and vagina periods of “organogenetic differentia-
tion” and “functional differentiation,” respectively. Orga-
nogenetic differentiation is a process by which the identity
of Mu¨llerian epithelial is determined to be uterine or
vaginal. This process occurs only once during development
and appears to be irreversible in most uterine and vaginal
epithelial cells at least by adulthood. Functional differen-
tiation is a process which occurs during estrus cycles and is
regulated by E2 and P4. Unlikely the organogenetic differ-
entiation, uterine and vaginal epithelial cells undergo re-
peated cyclic functional changes in differentiation in adult-
hood. The proper organogenetic differentiation is
prerequisite for subsequent functional differentiation.
We have elucidated the process of uterine and vaginal
epithelial formation through a detailed examination of the
ontogeny of multiple epithelial genes employing classical
tissue recombination experiments. Based on data presented
here, we propose the following model of uterine and vaginal
organogenetic epithelial differentiation. In the embryo, epi-
thelial cells in the Mu¨llerian duct are uniform and undif-
ferentiated (Fig. 11, embryo). During postnatal develop-
ment, epithelial cells in the vaginal area are induced by
vaginal mesenchyme to express a spectrum of genes specific
for vaginal epithelium (Fig. 11, neonate). Likewise, epithe-
lial cells in the uterine area are induced by uterine mesen-
chyme to express genes specific for uterine epithelium (Fig.
11, neonate). In cervical epithelium, signals from vaginal
mesenchyme induce vaginal epithelial markers, and coex-
isting uterine mesenchyme/stromal factors induce and
maintain columnar luminal cervical epithelial cells. By
P10, epithelial differentiation is mostly determined but
developmental plasticity is still maintained for a while in a
subset of epithelial cells and in rare adult epithelial cells. By
adulthood, most epithelial cells in uterus and vagina lose
developmental plasticity (Fig. 11, adult). Thus, heterotypic
mesenchyme cannot modify their uterine or vaginal epithe-
lial identity. Since epithelial differentiation changes
abruptly at the squamocolumnar junction, the mesenchy-
mal factors which induce uterine and vaginal epithelial
differentiation are probably minimally diffusible. The na-
s of reproduction in any form reserved.
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209Mu¨llerian Epithelial Differentiationture of molecules involved in specifying differentiation of
uterine and vaginal epithelial cells is currently under inves-
tigation.
The ability of uterine and vaginal mesenchyme to specify
epithelial differentiation appears to be independent of the
functions of mesenchymal ERa and PR. Uterine and vaginal
development and morphogenesis are essentially normal in
both aERKO (Lubahn et al., 1993) and PR knockout (PRKO)
(Lydon et al., 1995) mice. Specifically, uterine epithelium
from wild-type neonatal mice expresses ERa and PR prop-
erly when recombined with uterine mesenchyme of aERKO
ice (Cooke et al., 1997; Kurita et al., 2000b). Thus,
tromal ERa is not required for expression of these recep-
tors in uterine epithelium. Likewise, uterine mesenchyme
from PRKO mice induces proper expression of epithelial
ERa and PR in the uterine epithelium from wild-type
neonatal mice (Kurita et al., 1998a, 2000a). In this study, we
have shown that aERKO vaginal mesenchyme has the
ability to induce expression of K14 in vaginal epithelial
cells. K14 is also normally expressed in PRKO vagina (T.K.
and G.R.C., unpublished data). Thus, steroid receptor ac-
tions are not required to specifically induce Mu¨llerian
epithelial cells to be uterine or vaginal epithelium as judged
by morphological and certain molecular criteria.
Biochemical characteristics of developing sinus and Mu¨l-
lerian vaginal epithelium are known to be different (Fors-
berg, 1967). Our immunohistochemical study has further
defined molecular differences in the developing Mu¨llerian
and sinus vaginal epithelial cells in the perinatal period
(Table 1). Epithelial cells in the entire vagina become
uniformly stratified squamous and express identical mark-
ers in both the sinus and Mu¨llerian vagina as vaginal
differentiation proceeds. Indeed, grafted sinus and Mu¨lle-
rian vaginal anlage from E17 embryos become indistin-
guishable in their epithelial morphology and marker expres-
sion after one month of growth in vivo (T.K. and G.R.C.,
unpublished). Thus, it is unlikely that vaginal epithelium
becomes uniform because the epithelium of Mu¨llerian or
sinus vagina is replacing the other epithelium during post-
natal development. These data agree with the dual origin
model of vaginal epithelium established by classical studies
(Cunha, 1975; Forsberg, 1965).
In adult females, epithelial cells of uterus and vagina
differentiate in response to steroid hormones (functional
differentiation). Our study clearly demonstrates that E2-
induced uterine and vaginal differentiation is regulated by
epithelial–stromal tissue interactions. For example, we
have shown for the first time that the transcription factor
C/EBP b is up-regulated by E2 in vaginal epithelium and
hat the E2-induced up-regulation of C/EBP b requires
ignals from vaginal stroma. In uterus, E2 down-regulates
epithelial PR via stromal ERa (Kurita et al., 2000b). We
propose the following models of E2-induced uterine and
vaginal epithelial functional differentiation. Uterine stroma
presumably produces a factor(s) that acts on uterine epithe-
lial cells to down-regulate epithelial PR in response to E2
(Fig. 12a, yellow arrow). Vaginal stroma does not produce
Copyright © 2001 by Academic Press. All righthis factor (Fig. 12b). Thus, PR is not down-regulated in
dult uterine epithelial cells recombined with vaginal
troma (Fig. 12c). In response to E2, vaginal stroma produces
factors that induce vaginal epithelial cornification (Fig. 12d,
green arrow) as well as factors that stimulate vaginal
epithelial proliferation (Fig. 12d, red arrow). Uterine stroma
produces factors that stimulate vaginal epithelial prolifera-
tion (Fig. 12e, red arrow), but does not produce factors that
induce vaginal epithelial cornification (Fig. 12d, green ar-
row). Thus, vaginal epithelial cells recombined with uterine
stroma proliferate but do not differentiate properly in re-
sponse to E2.
The identity of molecules mediating epithelial–stromal
tissue interactions involved in E2 action is unknown. Since
tromal factors regulating uterine and vaginal epithelial
ifferentiation appear to be specific, different knockout
ouse strains may be useful to suggest or eliminate pos-
ible candidates for stromal regulators of epithelial differ-
ntiation. In contrast, stromal factors regulating uterine
nd vaginal epithelial proliferation appear to be less spe-
ific, which may relate to the growth factors common to
oth the uterus and vagina. Considering the less specific
ature of growth regulatory factors and the probable redun-
ancy in proliferative effects both within a single growth
actor family and between growth factor families, growth
actor knockout mice may not give a clear answer to the
dentity of stromal factors regulating epithelial prolifera-
ion in uterus and vagina. For example, members of epider-
al growth factor (EGF) family have been suggested to be
ediators of estrogen action in regulation of uterine epithe-
ial proliferation (Ignar-Trowbridge et al., 1995). However,
roliferative response of epithelium to E2 is normal in
terus and vagina of EGF receptor (erbB1) knockout mice
Hom et al., 1997). The identity of the highly specific
stromal factor(s) regulating uterine and vaginal epithelial
differentiation is currently under investigation.
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